Abstract CEP-1347 is a potent inhibitor of the mixed lineage kinases (MLKs
Previous experimentai work with CEP-134 7 has focused on its neuroprotective properties. CEP-1347 has been demonstrated as rescuing dopaminergic neurons in various preclinical models of Parkins on 's disease (PD) (Saporito et al. 1999 ; Boil et al. 2004) , but is also efficacious in rescuing other nerve cell populations such as neurotrophin-deprived sympathetic neurons (Maroney et at. 1999; Harris et al. 2002) .
Stressed neurons often undergo apoptosis via activation of the JNKJc-Jun pathway, and the neuroprotective effects of CEP-1347 have been attributed to blockade of this pathway by inhibition of MLKs responsible for the activation of MKK4 and MKK7 (the upstream kinases of JNK) (Xu et al. 2001) .
Microglial inflammation is a common feature of many neurodegenerative diseases. For instance, autopsies of brains affected by Alzheimer's disease (AD) reveal that activated microglia are consistently found in close proximity with amyloid ~ (A~)-rich plaques, and ample evidence suggests a role of A~ in microglial activation (Combs et at. 2001; Eikelenboom et at. 2002; Giovannini et at. 2002; McGeer and McGeer 2003) . The potential detrimental effect of inappropriately activated microglia in the central nervous system (CNS) is evident from numerous studies where the presence of activated microglia is reported to reduce neuronal viability (Kingham and Pocock 2000, 200 I; Gao et al. 2002a,b; Munch et al. 2003) . Also, many compounds that act on microglia, but may also have other actions, have been shown to be beneficial in animal models of neurodegeneration (Kurkowska-Jastrzebska et al. Delgado and Ganea 2003; Yan et at. 2003; Hunter et at. 2004) and in epidemiological studies (McGeer et al. 1990; Chen et al. 2003) . The causal role of activated microglia in disease enhancement has been extensively reviewed (Gao et at. 2003; McGeer and McGeer 2003) .
We reasoned that CEP-1347 might act as an alternative, yet unexplored, type of anti-inflammatory agent by virtue of blocking one family of upstream activators of p38 and JNK. Both JNK and p38 have been implicated in macrophage/ microglial activation and specific inhibition of either kinase has resulted in anti-inflammatory effects (Nakajima et al. 2004; Suzuki et al. 2004) . JNK and p38 are downstream kinases of several pathways important for cell regulation. Therefore, inhibition of the MLKs would be expected to affect JNKJp38 activation only under certain stressful conditions, but not under all circumstances. In this report the effect of MLK inhibition was tested experimentally by examining different endpoints of microglial inflammation triggered by various inflammatory agents.
Materials and methods

Materials and chemicals
Tissue culture material was obtained from Nunc (Roskilde, Denmark), media, phosphate-buffered saline (PBS), antibiotics, and fetal bovine serum (FBS) were obtained from Gibco (Invitrogen, Taastrup, Denmark). Other reagents were lipopolysaccharide (LPS) (Salmonella abortus equi) (BioCloth, Aidenbach, Gennany) (ill vitro use), LPS (Escherichia coli 055B :B5) (Sigma, St Louis, MO, USA) (ill vivo use), amyloid P (Bachem, Bie & Berntsen, Rlldover, Denmark), IFN-y (R & D Systems, Abingdon, UK), and FITC-Iabelled E. coli and lectin from Balldeiraea simplicifolia BS-I (Molecular Probes Europe, Leidin, the Netherlands). API-40 and AP40-1 were dissolved in sterile filtered H 2 0 (4°C) at I mM, aliquoted, and stored in sterile Eppendorf tubes at -80°C. Lipoteichoic acid (LTA) from Staphylococcus aureus was prepared as earlier described (Morath et al. 2001) . CEP-1347 was provided by Cephalon Inc. (West Chester, PA, USA). Basic laboratory chemicals were purchased from Sigma unless otherwise stated.
Animals and in vivo experimentation
All experimental procedures were carried out in accordance with national (directive of the Danish National Committee on Animal Ethics; Italian D.L. no. 116, G.U., supp!. 40, February 18, 1992) and international laws and policies (EEC Council Directive 861609, OJ L 358, I, December 12, 1987 ; Guide for the Care and Use of Laboratory Animals, US National Research Council, 1996) . Pregnant C57bLl6jbom mice were purchased from M & B (Lille Skensved, Denmark). Male, adult CD I mice were obtained from Charles River, Calco, Como, Italy. Intracerebroventricular (i.e. v.) injection of LPS LPS was administered at the dose of 100 ng/mouse, i.c.v., into the lateral ventricle through a 28-gauge needle into ether-anaesthetized mice, as previously described (Lipton et al. 1991) . Briefly, a 3/8-inch, 28-gauge needle attached to a 0.5-mL allergy syringe was inserted perpendicularly through the skull into the brain. The site of injection was 2 mm from either side of the midline of a line drawn through the anterior base of the ears. All injections were made in I 0 ~IL of sterile, pyrogen-free saline. CEP-1347 was given subcutaneously (s.c.) at a dose of 0.5 or 2.5 mg/kg, I h before LPS. Control mice received vehicle alone. Ninety minutes after i.c. v. injections, mice were killed with ether, the brains homogenized in· I 0 vo!. ofPBS and the supernatants used for TNF and IL-6 measurements. TNF was measured by the degree of cytotoxicity on L929 cells in the presence of I ~lg/mL of actinomycin D, as previously described (Aggarwal et al. 1985) , using human recombinant TNF-ex as standard; the sensitivity of the assay was I U/mL. Serum IL-6 was measured as hybridoma growth factor using 7TDI cells (a kind gift from Dr van Snick, Brussels) as previously described (Sironi et al. 1989 ). IL-6 activity is expressed as co-stimulatory units/mL using recombinant IL-6 as a standard. The following recombinant cytokines were used to test the specificity of the IL-6 assay, and none was found to have hybridOl~a growth factor activity on 7TD I cells: IL-I ex and IL-I P; IL-2; IL-3; IL-4; GM-CSF; M-CSF; Iymphotoxin, TNF-ex and phorbol 12-myristate-13-acetate (PM A). The sensitivity of the assay was 50 U/mL.
Primary human microglia cultures Microglia were isolated from human white matter samples obtained post-mortem, as previously described (De Groot et al. 2000) . Briefly, brain tissues dissected from the corpus callosum or subcortical white matter were collected and blood vessels removed. After a 20-min digestion in 0.25% (w/v) trypsine (Sigma) and 0.1 mglmL Dnase (Boehringer Mannheim, Mannheim, Germany) the cell suspension was gently triturated and washed with Dulbecco's modified Eagle's medium (DMEM)/HAM-FIO medium containing 10% (v/v) fetal calf serum (FCS) and antibiotic supplements. After passage through a I OO -~un filter, myelin was removed by Percoll gradient centrifugation. Erythrocytes were lysed by a 15-min incubation on ice with 155 mM NH 4 CI, I mM KHC0 3 , 0.2% (w/v) bovine serum albumin (BSA). The remaining cell suspension was collected by centrifugation and resuspended in culture medium (DMEM/HAMFIO medium containing 10% (v/v) FCS and antibiotic supplements). For this study, cells were seeded in 12-well plates. After 3-5 days, the medium was changed and recombinant human granulocyte-macrofage colony stimulating factor (rhGM-CSF, PeproTech Inc, Rocky Hill, NJ, USA) was added to the microglial cultures at a final concentration of 10 ng/mL. This was repeated twice a week until cultures were ready for stimulation.
Primary murine microglia culture Pregnant C57bLl6jbom mice were purchased from M & B (Lille Skensved, Denmark). Microglia cultures were prepared as initially described by Giulian and Baker (1986) using the following adaptations: pups (1 -3 days post-partum) were decapitated and the cerebra were transferred to DMEM with 20% heat inactivated FBS, supplemented with antibiotics (penicillin 100 UlmL, streptomycin 100 ~lglmL). This medium was used for all work related to primary microglia; only the FBS concentration was varied. Following removal of meninges, brains were triturated with a 10-mL pipette to obtain a homogeneous cell suspension that was subsequently passed though a 70-~lm cell strainer (sieve) into 50-mL test tubes . The cell suspension was plated at a density of three brains/I 85-cm 2 flask and cultured undisturbed for 7 days. Then, new medium with reduced serum concentration (10% FBS) was added. After seven additional days of culturing, microglial cells were selectively detached by shaking (300 r.p.m., I h). Suspended microglia were pelleted at 180 g, before being seeded. Purity was always > 90% as determined by routine staining with FITC-Iabelled lectin from Bandeiraea simplicijolia BS-1.
Standard cell incubation scheme All incubation was performed at 37°C, 5% CO 2 , 95% relative humidity. Suspended primary microglia (see above) were seeded at 20 000 cells/well (I 00 ~IL media) in 96-well plates. After 25 min of incubation, loosely adherent cells were removed by tapping the sides of the plate, followed by two washes. After overnight incubation, cells were washed once in PBS followed by addition of 100 ~IL medium (1% FBS). CEP-1347 was added 45 min before LPS stimulation, and kept in aliquots [-20°C, 10 mM, dimethylsulfoxide (DMSO)] that were maximally thawed twice, Compounds were added in volumes of 10% of the total well volume. The final DMSO concentration was 0.005% and did not affect the endpoints measured. Following LPS (100 nglmL) stimulation for 8, 12 or 24 h, 50 ~IL of the supernatant was sampled for cytokine analysis. After 24 h total incubation, viability was measured with the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) reduction assay. A similar set-up was used for measurement of nitrite, except that IFN-y (10 UlmL) was included as a co-stimulus, and the stimulation period was extended to 24 h.
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MTT reduction assay (cell viability measure) Medium was aspirated and replaced with new medium containing 0.5 mglmL MTT. After 2 h of incubation, medium was aspirated, and the precipitated formazan was dissolved in 100 ilL formic acid (5%)/isopropanol (95%). Absorbance was read at (550-690 nm).
Cell line maintenance BV-2 cells [murine microglia, kindly provided by E. Blasi, Perugia (Blasi et al. 1990 )] were maintained in RPM I supplemented with 10% FBS and antibiotics (penicillin 100 UlmL, streptomycin 100 ~Lg/mL). The cell lines RAW264.7 (origin, murine macrophage) and THP-I (origin, human monocyte) were both obtained from American Type Culture Collection (Rockville, MD, USA) (TIB-71 and TIB-2002, respectively) . Both cell lines were maintained in DMEM supplemented with 10% FBS, and antibiotics (penicillin 100 UlmL, streptomycin 100 ~Lg/mL). The THP-I medium was further supplemented with 0.05 mM 2-mercaptoethanol. During experiments the cell lines were incubated with their respective media containing only 1% FBS. Cells were plated in Petri dishes (for western blot and gene array analysis at 25% confluency) or 96-well plates (15 000 cells/well) I day in advance of an experiment. The following day, the cells were washed once in PBS, the medium was replaced (1% FBS), and the cells were stimulated. · Nitrite/cytokine measurements Nitrite [surrogate marker for nitric oxide (NO)] was measured by use of the Griess reagent. In brief, 100 ~IL supernatant or NaN0 2 standards were mixed with 10 ~LL N-(I-naphtyl) ethylendamine (0.1 % in H 2 0) and I 0 ~LL sulfanilamide (I % in 1.2 N HCI) in a 96-well plate. After 3 min, samples were read at (570-690 nm) in a spectrophotometer.
The murine cytokines interleukin 6 (IL-6), monocyte chemotactic protein I (MCP-I) and tumour necrosis factor-IX (TNF -IX) were measured using murine specific OptEIA™ ELlSA kits from Pharmingen (Bmndby, Denmark) in MaxiSorp plates from Nunc. TNF-IX from human cultures was measured using PeliKine Compact Human TNF-IX EUSA kit obtained from Sanquin (Amsterdam, the Netherlands).
Western blot analysis BV-2 cells were washed once in PBS before lysis in ice-cold buffer containing 1% NP-40, 20 mM Tris-HCI pH 8.0, 137 mM NaCI, 10% glycerol, 4 mM iodo acetamide, 10 mM NaF, I mM AEBSF, I mM Na3V04 and 'Complete mini' protease-inhibitor mix from Roche (I pillll 0 mL buffer). The lysate was transferred to a microfuge tube and incubated for 15 min on ice before cellular debris was spun down for 10 min at 18 000 g at 4°C. The supernatants were transferred to a fresh tube and stored at -80°C. The protein concentration was deternlined by the bicinchoinic acid (BCA) method using a commercial kit from Pierce (Rock ford, IL, USA). The Nu PAGE-kit (4-12% ·Bis-Tris gel run with MOPS buffer under reducing conditions) from Invitrogen was used for electrophoresis (20 ~lg protein per lane) according to the manufacturer's instruction . Gels were run for approximately I h at 200 V before proteins were blotted onto an activated polyvinylidene difluoride (PVDF) membrane (Immobilon P, Millipore, Glostrup, Denmark) using wettransfer blot module XCell2 from Invitrogen. Membranes were blocked with 5% milk powder in TBSIT (2.42 g/L Tris base, 8 glL NaCI, and 1% Tween-20 pH 7.6) and incubated with primary antibody dissolved in either 5% milk powder or 4% bovine serum albumin in TBSrr overnight at 4°C. Blots were washed and incubated with appropriate horseradish peroxidase-conjugated secondary antibodies [rabbit anti-mouse and goat anti-rabbit, both diluted I : 1,000 and both fTom Dako (Glostrup, Denmark)] for 2 h at room temperature (21°C), and developed using ECL or ECL + (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Primary antibodies (IgG) against phosphorylated-c-Jun (P-c-Jun) and phosphorylated-JNK (P-JNK) were from Santa Cruz Biotechnology, (Santa Cruz, CA, USA). Primary antibodies against P-p38, and IKBcx were from Cell Signaling Technology (Beverly, MA. USA) but purchased though Medinova Scientific NS (Hellerup, Denmark) . Primary antibody against p-MLK3 was from Biosource, purchased through AH Diagnostic (Aarhus, Denmark). All primary antibodies were used in a dilution of I : 1000. To verify equal amounts of protein loading, the membranes were stripped and reprobed with an antibody for ~-actin (Chemicon, AH Diagnostic AS, Aarhus, Denmark). For stripping, the membranes were sealed in a plastic bag with 15 mL of a stripping buffer [2% sodium dodecyl sulfate (SDS), 50 mM Tris-HCL and 100 mM 2-mercaptoethanol] and incubated for 25 min at 55°C in a water bath.
Nuclear translocation/intensity of NF-KB and c-Jun For quantification of nuclear factor KB (NF-KB) translocation and c-Jun nuclear intensity, cells were plated at 20 000 cells/well in DMEM with 1% FBS. After overnight incubation, the cells were stimulated with 100 nglmL of LPS (s. abortus) and then fixed with 10% para formaldehyde for 10 min. The cells were stained according to the manufacturer 's instruction. Antibody kits were purchased from Cellomics ™ though Ramcon (Birkemd, Denmark). The primary antibody recognized, respectively, NF-KB (P65) or P-c-Jun, and the binding was visualized with an FITC-Iabelled secondary antibody. Cells were counterstained with H-33342 and the nuclear translocation/intensity of NF-KB and c-Jun was quantified with a Cellomics ArrayScan TM, using the pre-defined algorithm 'cytoplasm to nucleus translocation' . The principle is based on cell image acquisition with a high-resolution CCD camera, followed by automatic identification of cells (based on nuclear staining with H-33342). The nuclear-cytoplasmic difference in antigen-signal intensity was quantified by subtracting the antigenintensity of the area between the nucleus and a circle created two pixels towards the plasma membrane (measured from the nuclear perimeter) from the antigen-intensity in the nucleus (defined as antigen pixels overlapping H33342 positive pixels).
Real-time peR Cells stimulated in 10-cm dishes were washed once »,ith PBS and total RNA was ' extracted using TRlzol reagent (Invitrogen) according to the manufacturer's protocol. DNA-free™, Dnase-I kit was purchased through (Ambion, Huntingdon, UK) and the purified RNA was treated according to the manufacturer's protocol. Total RNA (I ~lg) was reverse transcribed with TaqMan RT-Reagent (Applied Biosystems, Nrerum, Denmark), using random hexamers in a 100-~lL reaction on a PTC-200 DNA Engine Thennal Cycler (YWR international, Albertslund, Denmark), using a programme of 10 min annealing at 25°C, 30 min reverse transcription at 48°C, 5 min inactivation at 95°. The cDNA was quantified using the SYBR GREEN® PCR Master Mix kit (Applied Biosystems, Nrerum, Denmark). Each reaction contained 2.5 ~lL cDNA of the . I 00 ~lL RT-product, 300 nM forward and reverse primers, 12.5 ~lL master mix and 7 ~lL water in a total volume of 25 ~L. PCR amplification was run in a 96-well experimental plate format on an iCycler Thermal Cycler equipped with iCycler Optical System (BioRad, Hercules, CA, USA). The programme set-up was 10 min at 95°C, 40 cycles of 15 sat 95°C/I min at 60°C. A melting curve was obtained to verify the measured signal and the product was run on a 4% agarose gel to verify the presence of only one amplified band. Quantification was performed as follows: using the iCycler data analysis software (Bio-Rad), the threshold cycle (C T ) was determined for each sample. C T was defined as the cycle at which the level of fluorescence increased linearly. Each sample was run in two reactions, one with the primer set of interest and one with a GAPDH primer set. The mRNA levels were compared among groups using the delta-delta method as described by Dr Margaret Hunt (http:// www.med.sc.edu:85/pcr/realtime-home.htm). All primers, except the housekeeping gene GAPDH, were intron-spanning in order to distinguish cDNA from genomic DNA. Primers were designed using DNA-star software package (DNASTAR Inc, Madison, WI, USA) and scrutinized to minimize secondary structures, selfcomplementarity, optimal melting temperature, etc. All primers were blasted using BLASTn to ensure primer specificity for the gene of interest (http://www.ncbi.nlm.nih.gov/BLAST/).Primers used were GAPDH sense (NM_008084): 5'-TGCACCACCAACTGCT-TAG-3', antisense: 5'-GGATGCAGGGATGATGTTC-3'; tnf sense (NM_013693): 5'-CTATGGCCCAGACCCTCACACTCA-3', antisense: 5'-CACTCCAGCTGCTCCTCCACTTG-3 '; upa sense (NM _ 008873):
5' -AGGTTTACTGATGCTCCGTTTGGTTC-3', anti sense 5'-TTTACGACGGACATTTTCAGGTTCTTT-3'; mcp-I sense (NM_011333): 5'-CATGCTTCTGGGCCTGCTGTTC-3', anti sense 5'-CCTGCTGCTGGTGATCCTCTTGTAG-3'; mip-Icx sense (NM_002983): 5'-CCCGACTGCCTGCTGCTTCTC-3', anti sense: 5'-GATCTGCCGGTTTCTCTTAGTCA-3'; socs3 sense (NM_003955): 5'-ACTTGTTTGCGCTTTGATTTGGTTT-3', antisense: 5'-GTTGGGCAGTGGGAGTGGTTATTT-3'; IL-6 sense (NM _ 000600. 1):
5' -GGAGCCCACCAAGAACGATAGTCA-3', anti sense: 5'-GAAGTAGGGAAGGCCGTGGTTGTC-3'.
Transcript analysis by oligonucleotide hybridization analysis A shortlist of mouse cytokines and inflammatory factors was compiled. For each of these genes, one oligonucleotide (40--50 mer) was designed by MWG (MWG, Ebersberg, Germany) using their proprietary Olig04array software and CodeSeq database, which selects the oligos preferentially from the 3'-region of each coding sequence. Furthermore, each oligomer was scrutinized to meet physicochemical parameters (like melting temperature, self-complementarity, secondary structure, etc.) and extensively tested to minimize cross-hybridization to other sequences of the mouse genome in silico. All oligos were synthesized using MWG's HPSF technology followed by MALDI-TOF quality control.
The oligomeres were spotted onto activated glass slides (Pan Epoxy, MWG or CodeLink, Amersham) using a 417 Affymetrix (ring and pin) spotter. Sample preparation and labelling was carried out as described by Joseph DeRisi (http://www. microarrays.orgl protocols.html), a protocol, derived from Hughes et al. (200 I) . In brief: 12-15 ~lg of total RNA were reverse transcribed using random hexamere and dT 16 primers and Superscript 11 reverse transcriptase (Invitrogen), incorporating amino-allyl dUTP into the 1st-strand cDNA. After the cDNA synthesis, the remaining RNA was hydrolyzed and after a clean-up step (Microcon-30 spin filters, Millipore), Cy-3 or Cy-5 dye esters, respectively, were coupled to the cDNA samples. Excessive dye and buffer were removed with QiaQuick PCR purification columns (Qiagen, Valencia, CA, USA) and the eluates were concentrated with Microcon-30 spin filters. The hybridization mixture contained the Cy-Iabelled cDNAs in hybridization buffer [50% formamide, 6 x saline sodium citrate buffer (SSC), 5 x Denhardts, 0.5% SDS and 50 mM sodium phosphate, pH = 8) and was denatured for 5 min before incubation on the slides for 16 h at 42°C. Washing was carried out in three steps of increasing stringency: 2 x SSC, 0.1 % SDS followed by I x SSC, 0.0 I % SDS and 0.5 x SSC (all solutions were pre-heated to 30°C). Finally, each slide was spun dry and scanned in a 428 AflYmetrix con focal laser scanner at three different intensities (photo multiplier gains).
The microarrays were analyzed using ImaGene 4.2 (BioDiscovery) for spot location, array alignment and background subtraction. Signal intensities for individual spots were adjusted for local background. Microsoft Excel was used for further statistical analysis of the ImaGene output files . For example, Cy3/Cy5 ratio normalization was carried out by multiplying each ratio value with a scaling factor, which was defined as the ratio of the overall signal intensity of the Cy5 versus Cy3 channel (Knudsen 2002) . Each microarray experiment was perfonned at least twice independently. To further account for bias introduced by dye bleaching or labelling, each experiment was carried out as dye-swap experiment with the resulting ratio value being the arithmetical mean from two slides of opposite labelled sample pairs. Genes with very low signal intensities (less than eightfold of the background) were excluded from the analysis. Data were deposited at the MIAME website and are also freely accessible at http://www.public-results.com.
Phagocytosis assay 1
Determination of microglia phagocytosis was performed as described previously (Lehner et al. 2002) . Briefly, 20 000 primary microglial well (100 ~ILlwell, 10% FBS) were plated in a 96-well microtitre plate. The following day, cells were washed once in PBS, and then incubated in medium (I % FBS) with increasing concentrations of CEP-1347. After 45 min, sonicated tetramethylrhodamine-conjugated fluorescent E. coli particles were added to a final concentration of 50 ~lglmL. After 4 h of stimulation, supematants were sampled for cytokine analysis, and phagocytosis was stopped by washing the cells twice with PBS to remove non-phagocytosed bacteria. Cells were then lysed by addition of I 00 ~ILlwell of PBS with 20 mM HEPES + 0.2% Triton X-lOO. Fluorescence was determined at 530 nm excitation and 590 nm emission wavelengths using a fluorescence microplate reader (Labsystem, Finland). Cells without bacteria were used to detennine the background fluorescence.
Results
Modulation of LTA-and LPS-induced microglial inflammatory responses by CEP-1347
In neurodegenerative diseases, microglia are transformed from a resting to an activated state by poorly characterized 1443 stimuli. A small battery of standard inflammatory stimuli (A~I-40, bacteria, LPS and LTA) was therefore included to examine the potential effect of the MLK inhibitor CEP-1347 on inflammatory activation. As representative endpoints for inflammation, the release of TNF-()(, IL-6 and MCP-I was measured. First, it was investigated whether primary microglia activated via the toll-like receptors (TLRs) were susceptible for modulation by CEP-1347. Therefore, cells were stimulated with the TLR-4 agonist LPS, or the TLR-2 agonist LTA, to trigger cytokine production. Pre-incubation with CEP-1347 (0-500 nM) resulted in a significant inhibition of cytokine and chemokine production (TNF-()(, IL-6, MCP-I) at drug concentrations ~250 nM (Figs la-c) . Inhibition of cytokine release in LPS-stimulated BV-2 cells followed a similar concentration-dependent relationship, but with more potent inhibition by CEP-1347 (Fig. Id) . BV-2 cells were also found to respond to LTA with cytokine production that paralleled primary microglia, and the cytokine response was dose-dependently inhibited by CEP-1347 (data not shown). The cellular viability was carefully monitored to ensure that the modulation was unrelated to toxicity. Cells tolerated CEP-1347 well over a 24-h period. The data demonstrate that MLK inhibition by CEP-1347 results in inhibition of cytokine production induced by activation of receptors belonging to the toll-like receptor family.
General anti-inflammatory effects of CEP-1347 Next, it was investigated whether CEP-1347 had an antiinflammatory effect when cells were stimulated with a TLR-2/4 independent stimulus. For this purpose, the A~ peptide did not result in any TNF-Q( production above background. A similar response to A~ was established for BV-2, and primary microglia cells, although the maximally induced production of TNF-Q( was modest (~IOO pg/mL) compared with the RAW cells (~2000 pg/mL). Also in this experimental set-up, pre-incubation with CEP-1347 concentration dependently reduced TNF-Q( production (Fig. 2a) . Exposure to A~I--40 itself resulted in reduced viability values, but the toxicity was strictly A~-dependent as cells treated with A~ together displayed the highest concentration ofCEP-1347 equivalent viability values to cells treated with A~ alone (data not shown). To investigate if the effect of CEP-1347 could also be observed in human cells, first the monocytic cell line THP-I was stimulated with LPS to induce TNF-Q( production. CEP-1347 was found to inhibit TNF-Q( production with an IC so value of approximately lOO nM (Fig. 2b) . Then, the effect of CEP-1347 was validated in human primary microglia from two different donors. CEP-1347 reduced LPS induced TNF-Q( production at concentrations as low as 100 nM in both donors (Fig. 2c) . The results indicate that members of the MLK family, across species, are involved in the transmission of inflammatory signals.
Reduction of TNF-Q( release by CEP-1347 without suppression of phagocytosis capacity or prevention of iNOS induction We examined whether CEP-1347 would inhibit other features characteristic of activated microglia. A typical, alternative readout is the production of NO. When primary microglia were stimulated with either LPS or LTA + IFN-y, pre-incubation with a high concentration (500 nM) of CEP-1347 inhibited NO production only marginally by a maximum of 15-25% (Fig. 3a) . The NO release data were further supported by the observation that the induction of inducible nitric oxide synthetase (iNOS) by LPS or LTA was unaffected by CEP-1347 (Fig. 3b) . Similar findings were made for BV-2 cells, where pre-incubation with 500 nM ofCEP-1347 reduced NO production by ~ 15% when the cells were exposed to the stimuli described above. It therefore appears that CEP-1347 selectively inhibits the release of some cytokines, but does not generally blunt the response of microglia to pathogens. To exploit this further, f1uorescently labelled E. coli were added to primary cultures of microglia or BV-2 cells to correlate MLK inhibition with both TNF-Q( production and the phagocytic capability. Pre-incubation with CEP-1347 (0-500 nM) did not affect phagocytosis, but concentration dependently reduced TNF-Q( production (Fig. 3c ) (data for BV-2 cells not shown). Cytochalasin B (10 ~M), which is an inhibitor of phagocytosis (inhibits actin 
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Log ( were performed three times, and one representative data set is shown.
For data related to human microglia, each data point represents the average of four measurements obtained from two donors ± SEM. First significant data point with p < 0.01 (*) and p < 0.05 (**). (100 ng/mL) + IFN-y (10 U/mL) or LTA (3 ~lg/mL) + IFN-y (10 U/mL) for 24 h. Viability was measured 24 h after stimulation (MTT reduction assay) and was not affected. (b) Primary microglia were pre-incubated ± CEP-1347 (500 nM) for 45 min, followed by stimulation with LPS (100 ng/mL) + IFN-y (10 U/mL) and LTA (3 ~g/mL) + IFN-y (10 U/mL) for various time pOints before cell lysis. The intracellular expression level of iNOS was evaluated by western blot analysis. To ensure equal protein loading, the membranes were stripped and reprobed with a l3-actin specific antibody. (c) Primary microglia were pretreated with increasing concentrations of CEP-1347 for 45 min and then fluorescent E. coli (50 ~lg/mL) were added. After 4 h of incubation, TNF-ex released to the supernatant was measured and the phagocytosis index was determined. Experiments for phagocytosis and nitrite production were performed six times, and one representative data set is shown. Induction of iNOS was analyzed once. Data are displayed as means ± SD of triplicate determinations.
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polymerization) was included in the experiments, and reduced the intake of bacteria by 50% (data not shown).
The results demonstrate that, within the same experimental set-up, CEP-1347 spares the machinery for phagocytosis while it inhibits TNF-ct production induced by E. coli.
Effects of CEP-1347 on MAPK signalling in microglia Microglial activation is described in the literature as involving phosphorylation of JNK/c-Jun and p38 (Kim et al. 2004 ) and, to investigate if our experimental system gave similar results, BV-2 cells were stimulated with LPS . As expected, the phosphorylation of p38 and JNK was strongly increased upon activation of microglia cells. Whereas the activation of JNK and p38 appeared as a brief pulse (30-120 min) after LPS stimulation, the phosphorylation of the transcription factor c-Jun was more prolonged (30-360 min). Pre-incubation with CEP-1347 reduced phosphorylation of all three proteins at all time points (Fig. 4) . The results strongly suggest that LPS-mediated microglial activation involves MLK activity and corroborates the notion that MLKs act upstream of both the JNK and p38 pathway in activated microglia.
Effect of CEP-1347 on nuclear translocation of NF-KB and on nuclear P-c-Jun Stimulation of microglia results in the activation of the transcription factors NF-KB and c-Jun which control the expression of mRNA for inflammatory mediators (DukicStefanovic et al. 2003) . To investigate if the anti-inflammatory mechanism of CEP-1347 was associated with either of the above processes, the nuclear translocation ofNF-KB and the amount of nuclear P-c-Jun were investigated for primary microglia stimulated with LPS. Cells were stained for the respective antigen, digitally imaged and analyzed with an algorithm to quantify cytosolic and nuclear staining intensity. BV-2 cells were pre-incubated with CEP-1347 (0 or 500 nM) and stimulated with LPS (100 ng/mL). At the indicated times, the phosphorylation state of JNK, p38, and c-Jun was determined by western blot with phospho-specific antibodies. Arrows indicate JNK bands at 46 and 55 kDa. To control for protein loading, the membranes were stripped and re-probed with a p-actin specific antibody (one representative loading control is shown). One representative blot of two is shown.
The LPS induced increase in phosphorylation of c-Jun was manifested as a rapid (30-60 min) increase of the nuclear staining intensity, and was significantly reduced by pretreatment with CEP-1347 at all time points (Fig. 5a ). This observation from primary microglia fully corroborates the findings with CEP-1347 regarding c-Jun phosphorylation in LPS-stimulated BV-2 cells (Fig. 4) . inhibitor protein a (IKB-a) was monitored in BV-2 cells by western blot analysis, and equal protein loading was verified with a l3-actin-specific antibody. Experiments for NF-KB and c-Jun activation were performed three times, and one representative data set is shown. Degradation of IKB-a was examined twice, and one representative blot is shown.
The nuclear translocation of NF-KB, as measured by immunocytochemistry, was maximal at 30 min, and then declined slowly over 4 h upon LPS stimula'tion (Fig. 5b) . Pre-treatment with a high concentration of CEP-1347 (500 nM) hardly reduced the nuclear translocation ofNF-KB, and the lack of effect on NF-KB was reflected in largely unchanged regulation OfIKB-cx at the protein level (Fig. 5c) . LPS was also found to induce phosphorylation of MLK3 which, as expected, was unaffected by CEP-1347 pretreatment (data not shown). Overall, it appears that CEP-1347 targets mainly the P-c-Jun pathway and spares the NF-KB system.
Transcriptional regulation of inflammatory mediators by CEP-1347
In order to gain further insight into the differential regulation of the inflammatory response by CEP-134 7, we took advantage of a small custom-spotted oligonucleotide array containing probes relevant to inflammation. RNA was purified from LPS stimulated BV-2 cells after 4 h (± CEP-1347 pre-treatment) and expression levels of mRNA were compared by competitive hybridization. The early time point was chosen to ensure that mainly direct regulations, and not secondary effects, were detected. Regulations were considered significant when the regulation was ~ 1.7-fold in at least five out of six hybridization experiments performed. Because of these stringent conditions, LPS was found to robustly up-regulate only the following genes corresponding to: (i) secreted factors (serum amyloid a2, mip-I~, mip-Icx, serum amyloid a3, plasminogen activator inhibitor, bdnf, mcp-I), (ii) inflammatory surface markers (toll-like receptor 2, intercellular-adhesion molecule-I (icam I), glycoprotein 49a, tnfrsf5), (iii) a kinase (cyclin-dependent kinase 7), (iv) transcription factors and their regulators (ccaatlenhancer binding protein, i(K)b(cx), p50/pI05, p49/pI00, pu. I), (v) intracellular modulators of inflammation (socs3, lipocalin 2), and (vi) apoptosis-related genes (caspase 9, caspase 4111). Not up-regulated at this time point were, for example, inos, and matrix-metalloproteinase 9. To examine the regulation by CEP-1347, RNA from cells stimulated with LPS was competitively hybridized against RNA from cells stimulated with LPS + CEP-1347. Of genes belonging to the class of secreted factors that were up-regulated by LPS, CEP-1347 was found to counter-regulate most of the cytokine genes. The expression of the anti-inflammatory plasminogen activator inhibitor gene was not down-regulated and the expression of serum amyloid a2, and serum amyloid a3, was even enhanced. Of other genes up-regulated by LPS, CEP-1347 counter-regulated glycoprotein 49a, and ca spa se 9, while it enhanced the transcription level of ccaatl enhancer binding protein and lipocalin 2. Finally, CEP-1347 down-regulated three genes not regulated by LPS (atO, c-jun, u-pa) while it enhanced the LPS-induced downregulation of regulator of G-protein signalling 2 (rgs2).
In order to confirm the differential hybridization data, real-time PCR was performed for four selected genes. The expression level of socs3 was confirmed as not being (a) down-regulated by CEP-1347 in LPS-stimulated cells, whereas the mip-I ex, u-pa and mcp-I levels were confirmed as being significantly reduced (Figs 6b-e) . A functional oligo for tnf-ex was not on the array, but realtime PCR showed both significant up-regulation by LPS and down-regulation by CEP-1347 pre-treatment (Fig. 6t) . The hybridization signal (detection factor) for Il-6 did not exceed the selected intensity threshold, but Il-6 transcription was confirmed by real-time PCR as being upregulated by LPS and counter-regulated by CEP-1347 (Fig. 6g) .
Anti-inflammatory effects ofCEP-1347 in a mouse model for cerebral inflammation After having established anti-inflammatory effects of CEP-1347 in vitro, the compound was examined in vivo in a model for cerebral inflammation. Pre-treatment of CD I mice for I h with CEP-1347 (0.5 and 2.5 mglkg) significantly reduced the production of TNF after i.c.v. injection of LPS, and showed a tendency towards inhibition of IL-6 production (Fig. 7) . The results for in vivo inhibition of TNF production indicate that the anti-inflammatory action described for CEP-1347 in vitro can be directly transferred to the more complex CNS environment where microglia interact with multiple other cell types. 
Discussion
Previous experimental work with CEP-1347 has focused on its direct neuroprotective effects in various preclinical models but has not addressed microglial inflammation. The present work emphasizes CEP-1347 as a modulator of cytokine production in activated microglia. The cause of inflammation in most neurodegenerative diseases is still poorly understood. Whereas the microglial activation in AD appears to be related to the A~ peptide, the activation in PD continues to be elusive. However, it has been reported as coinciding temporally with the loss of dopaminergic neurons (McGeer et al. 1988) . Even though the relevant triggers of microglial activation may not yet be identified, AD and PD treatment strategies might benefit from inclusion of an anti-inflammatory component.
In order to examine a possible effect of CEP-1347 in various settings, microglia were stimulated with a battery of inflammatory stimuli. MLK inhibitors have not previously been tested on microglia and it was therefore investigated whether the effect correlated ' with the known inhibitory activity of CEP-1347 on MAPK pathways. By use of phosphorylation specific antibodies, it was first established that LPS indeed activated the relevant branches of MAPK signalling (p38 and JNK/c-Jun). Consistent with the upstream position of MLKs in those pathways, it was observed that pre-incubation with CEP-1347 reduced phosphorylation of p38, JNK/c-Jun in LPS stimulated cells. By the use of an immunocytochemical approach, it was additionally verified that the decrease in c-Jun phosphorylation was reflected in diminished nuclear staining for P-c-Jun. No cytosolic staining for P-c-Jun was observed, indicating that the translocation of the phosphorylated transcription factor is very rapid, or that the majority of c-Jun resides in the nucleus in resting microglia, and then becomes phosphorylated upon stimulation.
As activated p38 and c-Jun are well-known controllers of cytokine/chemokine production in microglia, the inhibitory effect ofCEP-1347 on TNF-ex, IL-6 and MCP-I production correlates well with inhibition of phosphorylation (= prevention of activation). We reasoned that the prevention of activation of inflammatory transcription factors would result in reduced mRNA levels for the targeted cytokines. Indeed, CEP-1347 treatment was found to reduce rnRNA levels for tnf-ex, IL-6 and chemokines 4 h after stimulation.
CEP-1347 has, up to now, been studied mostly in neuronal cells. We are not aware of studies with any cells of the macrophage lineage or other immune cells -thus, there is very little knowledge on modulation of the innate immune response. One study addressed the role of MLKs in im inflammation-like process, i.e. astrocyte activation by cytokines (Falsig et al. 2004b) . Also in this paradigm, CEP-1347 did not affect NF-KB activation, and the microglia data shown here corroborate these findings. Dependence of NF-KB on MLK has not been indicated in a neuronal model or in any model of LPS stimulation. CEP-1347 down-regulated NO production and NOS induction in astrocytes (Falsig et al. 2004b ), but did not show this effect in parallel experiments in microglia. Thus, regulation of iNOS induction by CEP-1347 differs between astrocytes and microglia. To our knowledge, there are no other studies addressing the modulation of NO production by CEP-1347. The iNOS promoter is extremely complex in comparison with that of other inflammatory molecules and differences between cell types and stimuli are commonly observed. With respect to JNK and p38 regulation, our data are consistent with many studies where neuronal cell types were examined.
MLKs are new players in inflammatory cell activation, but at this point it is difficult to predict whether MLK inhibitors will, in general, have a different anti-inflammatory profile than currently used compounds. We found that the effect of CEP-1347 is unrelated to direct inhibition of cyclo-9xyge-nase (COX) enzymes, elevation of cAMP or induction of IL-IO induction. This is in line with CEP-1347 acting differently from compounds such as NSAIDs (direct COX inhibition) (Berg et al. 1999) , or phosphodiesterase inhibitors (increase in cAMP and IL-1O production) (Kambayashi et al. 1995) . Additional studies regarding differences between the anti-inflammatory properties of CEP-1347 and reference compounds are under current investigation in our laboratory.
In addition to being an inhibitor in murine inflammatory models, CEP-1347 also showed effects in a human system. THP-I cells were highly susceptible to CEP-1347 modulation of TNF-ex production. Microglia are generally believed to originate from invading monocytes (mesodermal origin) (Priller et at. 200 I). Because THP-I cells are monocyte derived, they are likely to deviate from human microglia to some extent as the CNS environment has never primed them. We therefore tested whether CEP-1347 would also be a potent anti-inflammatory agent in a human model based on microglia isolated from post-mortem tissue. Our results suggest that the MLKs in human monocytes, murine microglia and human microglia are important for endotoxin signalling, and that the inflammatory response is modulated by CEP-1347.
The inhibitory data on TNF-CI( production were confirmed in vivo in a murine model, demonstrating that the MLKs are also important for the transduction of inflammatory signals when microglia are activated in their natural surroundings. Controversy exists as to whether rodent astrocytes also respond to LPS and therefore also might contribute to TNF-CI( production. In vitro results from our own laboratory indicate that murine astrocytes are poor producers of TNF-CI( when stimulated with either LPS or a cytokine mix, but do respond to a cytokine mixture by up-regulating the astrocyte activation marker GFAP (Falsig et al. 2004a) . Some have reported that astrocyte cultures do respond to LPS by producing NO, but this has been suggested as being due to the existence of microglia within the cultures (Vincent et al. 1996; Possel et al. 2000; Sola et at. 2002; rat) . However, LPS-induced iNOS induction within astrocytes has also been observed (Kong et at. 1996; mouse) . In our laboratory, we observed iNOS induction and GFAP in astrocytes under inflammatory conditions, while TNF production was not increased. In our in vivo model of cerebral inflammation, GFAP was not up-regulated as assessed by real-time PCR. We interpret this as sign of minimal activation of astrocytes under these conditions. The most likely source for the cytokines measured in brain homogenates appears to be microglia themselves, but at the present stage we cannot entirely exclude some contribution from astrocytes.
The contribution of inflammatory cytokines to the pathology in neurodegenerative diseases is under active investigation. A recent report suggests that patients with AD may be more susceptible to the neurotoxic properties of TNF-CI( as they have reduced level of the MADD protein known to inhibit induction of apoptosis induced by TNF-CI( binding (Del Villar and Miller 2004) . Furthermore, other evidence points to IL-6 as promoting phosphorylation of the neuronal intracellular filament tau (Quintan ilia et at. 2004) . Hyperphosphorylated tau is a hallmark of AD and our finding that CEP-1347 can reduce induction of IL-6 and TNF -Cl( is intriguing. Altogether, there is considerable evidence in favour of anti-inflammatory compounds for the treatment of AD, but it is not clear whether a monotherapy would be adequate to obtain treatment success. In addition, the manner in which inflammation is addressed is worth some consideration. Classical COX inhibitors block only a minor aspect of microglial inflammation (eicosanoid production) and hardly affect cytokine production (Berg et al. 1999) . New anti-inflammatory/antioxidant strategies are frequently focused on inhibition of the inflammatory master regulator NF-KB (Karin et al. 2004) , which also has anti-apoptotic functions whose inhibition may not be desirable in neurodegenerative conditions (Bhakar et al. 2002) . In the above 1449 context, CEP-1347 seems particularly interesting because of its dual mechanism of action involving both direct neuroprotection and inhibition of inflammation.
From our initial cytokine measurements, it might be speculated that MLK inhibition by CEP-1347 would block all inflammatory genes non-specifically. However, this was not the case. CEP-1347 was found to mainly reduce the expression of secreted factors up-regulated by LPS, while it enhanced the expression of genes such as ccaat/enhancer binding protein, serum amyloid a2, serum amyloid a3, and lipocalin 2. The selective repression of a subset of genes was in line with CEP-1347 only having a minor effect on iNOS induction and nitric oxide production. This distinguishes CEP-1347 from previously mentioned anti-inflammatory drugs such as direct NF-KB inhibitors, or phophodiesterase IV inhibitors, which are reported to exert more general repression of inflammatory mediators (Beshay et al. 2001) .
One of the essential roles of microglia in the CNS is the removal of debris/dead cells by phagocytosis. In AD, it is also likely that microglia contribute to the removal of neurotoxic AP plaques. Therefore, it was examined as to whether CEP-1347 would interfere with crucial microglial 'house-keeping tasks' such as phagocytosis. CEP-1347 did not affect the engulfment of bacteria by microglia. This separates the anti-inflammatory function of CEP-1347 from inhibition of basic maintenance tasks in the eNS environment, and also excludes the MLKs from having a significant role in the regulation of bacterial phagocytosis. In contrast, direct inhibition ofp38 or MAPKAP kinase 2 would result in reduced phagocytosis (Lehner et al. 2002) .
An interesting feature of the anti-inflammatory action of CEP-1347 is its site of action within the signal cascade. MLK kinases are located upstream in the p38 cascade, and constitute only some of several potential activators. Thus, by only inhibiting the MLK family, the capability of other MAPKKK to activate p38 is preserved. This may be important as p38 has been assigned important house-keeping functions in the CNS, such as contribution to synaptic plasticity shown to be blocked by direct p38 inhibition (Bolshakov et at. 2000; Guan et al. 2003) . The signalling cascade upstream of p3 8 activation in synaptic plasticity still has to be fully clarified, but if it circumvents MLK activation, p38 activation may be spared in the presence ofCEP-1347. Similar considerations apply to the JNK pathway, playing important roles in regeneration/axon growth which is not blocked by CEP-1347 (Harris et al. 2002) In conclusion, we report that CEP-1347 is capable of modulating microglial inflammation by inhibiting the MLKs. The effect involves dampening of two inflammation-associated MAPK pathways (p38 and JNK), but largely spares the NF-KB system. This results in an anti-inflammatory profile that targets certain cytokines without affecting iNOS induction or phagocytic capability. This anti-inflammatory effect of CEP-1347, or other MLK inhibitors, coupled with its neuroprotective properties, may act synergistically to affect the pathogenesis of neurodegenerative diseases.
